Abstract-Complex investigations into physicomechanical properties and adhesion strength in the coatingcarbide cutting insert system of monolayered coatings (Ti-Al-N) and multilayered coatings (Ti-Al-N/Cr-N, Ti-Al-N/Zr-N/Cr-N) are performed. The advantage of using the latter, which is associated with the pas sage from the adhesion mechanism of coating destruction to the cohesion mechanism with an increase in parameters H 3 /E 2 and H/E that characterize the material resistance to plastic and elastic deformation, respectively, is shown. The introduction of chromium into the composition of Ti-Al-N coatings decreases the friction coefficient (from 0.52 to 0.45) and decreases the probability of adhesion interaction with the treated material. Comparative operational tests of carbide cutting inserts (CCIs) with coatings under study in the course of continuous cutting steel #12Kh18N10T# showed that the largest wear resistance is characteris tic of Ti-Al-N/Zr-N/Cr-N coatings. Wear tests of CCIs made of VK6NST and TT10K8B alloys with Ti⎯Al-N/Zr-N/Cr-N coatings in the course of longitudinal turning steel 12Kh18N10T and VT20 alloy evidence an increase in their resistance up to a factor of 3.0-3.5 both at low and high cutting rates. These coatings provide an increase in resistance of cutting tool and in milling operations of VT20 titanium alloy at a cutting velocity up to 40 m/min.
INTRODUCTION
Chromium nickel steels and titanium alloys are widely used in aerospace, chemical, and petrochemi cal branches of industry. A serious problem is the low productivity of their mechanical treatment, which is associated with a complex of properties of these mate rials that manifest themselves in this case such as low thermal conductivity, high shear and tensile strength at elevated temperatures, rapid deformation hardening (especially for nickel based alloys), and liability to the formation of overgrowth on a cutting tool edge due to intense adhesion interaction [1] . These peculiarities in many aspects determine the intense wear of the cutting tool in its contacting place with shaving. In general, when treating such alloys, several wear mechanisms can be distinguished; however, the main one is the overgrowth formation on the cutting tool edge, which is caused by the adhesion interaction at the cutting tool-treated material interface [2, 3] .
To remove such problems, lubricoolant manufac turing media (LCMMs) are applied in some cases, l which leads to a rise in treatment cost and the neces sity to solve the problems of their utilization [4] .
One main direction in improving the manufactur ability of hard to machine alloys is the use of a cutting tool with coatings during their treatment. The effi ciency of applying the coatings fabricated by the PVD method and primarily by the ion plasma vacuum arc deposition is known. This method makes it possible to form coatings with a high adhesion strength to the sub strate (up to 100 N) due to the increased degree of ion ization of the atomic flux that evaporates from cath odes, which considerably exceeds this characteristic for magnetron sputtering [4] . The high connection strength of the coating and the substrate in many aspects determines the pitting resistance and, conse quently, lowers the contribution of adhesion wear [5] .
Currently, wear resistant PVD coatings in the Ti⎯Al-N system are most often used in industry [6] . They possess rather high hardness, heat resistance, fire resistance, and resistance to the formation of fatigue cracks. In addition, thermally and chemically stable tribofilms based on aluminum oxide, which prevent the intense adherence of the treated material to the cutting tool, are formed on the surface of these coat ings during cutting associated with heating to 600-700°C [6] .
The authors of [7] [8] [9] [10] fabricated Ti-Al-N/Cr-N, Ti-Al-N/WN, Ti-Al-N/V-N, Ti-Al-N/Mo-N, and Ti-Al-N/V-N coatings, which provide the for mation of the so called solid lubricant at the coatingtreated material interface due to the formation of tri bofilms based on complex metal oxides that enter the coating composition and the formation of the so called Mongelli phases.
However, the requirements of modern industry for an increase in productivity of mechanical treatment and refuse from applying LCMMs lead to an increase in temperature in the current region to 900-1000°C during the treatment of these materials, which requires the development and use of new compositions of coatings providing an increase in thermal stability of the structure and composition. It is shown in [11] that this can be attained due to applying the barrier layers based on refractory metal nitrides with minimal diffu sion mobility of the metallic element.
In this study we present comparative results of complex physicomechanical and tribological investi gations of Ti-Al-N, Ti-Al-N/Cr-N, and Ti-Al-N/Zr-N/Cr-N coatings on the provision of opera tional properties of the cutting tool by them, as well as the data on the character of wear of coatings in condi tions of high speed dry cutting of hard to machine steels and alloys.
EXPERIMENTAL
Coatings were deposited using a Bulat NNV 6.6 I1 vacuum arc ion plasma deposition installation using a three cathode evaporating system, the composition of which is presented in Table 1 .
Coatings were deposited at arc currents at cathodes made of VT5 alloy, zirconium, and chromium of 120, 135, and 90 A, respectively; bias potential supplied to the substrate of -120 V; and rotation rate of the sub strate relative to sputtered cathodes of 1 rpm. Nitrogen under a pressure of 3 × 10 -3 Pa was used as the reaction gas. The deposition time of coatings was ~60 min. Sub strates were replaceable multifaceted plates (RMPs) with a shape corresponding to ISO (SNUN 120408) made of the VK6NST and TT10K8B hard alloys. Before the deposition, the RMP surface was prelimi narily purified in an ultrasonic bath in a heated alkali solution and dried in alcohol vapors. The surface was additionally thermally activated after loading the sam ples in a chamber due to its treatment by metal gas ions of argon and titanium. The thickness of deposited coatings was 5.0 ± 0.1 μm and regulated by the depo sition time.
Hardness (H) and elasticity modulus (E) of coat ings was determined by measuring the indentation at small loads according to the Oliver-Farr method, which was performed using a Micro Hardness Tester microindentometer (CSM Instruments, Switzerland) at a fixed load of 50 mN. The indenter penetration depth was controlled so that it did not exceed 10% of the coating thickness in order to exclude the influence of the substrate.
The adhesion/cohesion strength in the "coatingsubstrate" system was evaluated by the scratching method using a Revetest device (CSM Instruments, Switzerland) by the results of failure of the samples at a definite load. The surface under study was scratched by a Rockwell type diamond indenter with a rounding radius of 200 μm at a continuously increasing load. We determined critical loads L c1 (denotes the appearance instant of the first crack), L c2 (corresponds to adhesion destruction of the coating), and L c3 (indicates the complete attrition of the coating to the substrate). During the measurement, we measured the acoustic emission (A), indenter friction force (F), friction coef ficient (μ), and indenter immersion depth (h) and per formed microscopic observations along the crack after testing. The experimental curves of acoustic emission were smoothened using the sigmoidal approximation by 30 points of the experimental curve averaged by sev eral measurements.
Comparative investigations into tribological prop erties (wear resistance and coefficient of sliding fric tion) of coatings and VK6NST hard alloy without the coating were performed in air according to the ball on disc configuration at a normal load of 10 N, linear velocity of 20 cm/s, and wear groove radius of 4 mm using a Tribometer device (CSM Instruments, Swit zerland). The diameter of the wear spot of the counter body-a ball made of steel 100Cr6 (analog of steel ShKh15) with a diameter 6 mm-and width of the wear track on the samples were determined using an Axiovert 25 microscope (Carl Zeiss, Germany). Cutting properties of the tool were studied during continuous cutting (axial turning) and continuous cut ting (cross cut milling) according to ISO 3685:1993. To perform the experiments, we used a 1K62b turning lathe and 24K40SF4 vertical milling machine with computer numerical control. A milling head of ∅108 mm was equipped by one cartridge toolholder in order to reject the influence of teeth beat on the tool wear. The cutting tool wear was evaluated with the help of an optical microscope. During the experiments, we periodically measured the RMP wear and constructed the plots of the dependences of the wear over the back surface on the operation time. As the dulling criterion of the RMP, we selected the wear over the back surface of 0.5 mm.
Treated materials are cylindrical billets with a diameter of 200 mm made of steel 12Kh18N10T and diameter of ∅55 mm made of VT20 titanium alloy. Cutting modes were as follows: cutting rate V = 45-120 m/min, supply S = 0.1 mm/rev., and cutting depth t = 0.5 mm.
RESULTS AND DISCUSSION

Physicomechanical and Tribological Properties
The structure formation and phase formation fea tures of coatings in systems under study were investi gated previously [11] [12] [13] . It is particularly established that the transition from a monolayer structure for Ti⎯Al-N coatings to multilayer one for Ti-Al-N/Cr-N and Ti-Al-N/Zr-N/Cr-N coatings leads to refining the crystallite sizes. Their dispersity is determined by a thickness of corresponding nanolay ers, regulated rotation rate of the substrate relatively to evaporated cathodes, and current of evaporating arcs (which determines the amount of evaporated sub stance transferring into a liquid phase). The average crystallite size in preparation modes used in works was 80, 25, and 10 nm for Ti-Al-N, Ti-Al-N/Cr-N, and Ti-Al-N/Zr-N/Cr-N coatings, respectively.
The introduction of an additional Zr-N based bar rier layer into the multilayered nanostructure of the Ti-Al-N/Cr-N coating between mutually soluble Ti-Al-N and Cr-N layers led to an increase in its thermal stability. Calculated diffusivities of main metallic elements of the coating into the correspond ing nitride layers upon heating in a range t = 800-1000°C indicate the absence of a noticeable diffusion spread of layer boundaries in the presence of the Zr-N barrier layer between mutually soluble T-N and Cr-N layers. However, a noticeable spread of layer boundaries at deposition temperatures of coatings (~700-800°C) was observed without the mentioned barrier layer, which in turn led to the crystallite size coarsening.
Coatings of all systems under study are character ized by a high level of physicomechanical properties (see Table 2 ). They have close values of hardness. It was already noted that the formation of the multilayer structure in the coating determines a decrease in crys tallite sizes, which leads to an increase in hardness according to the Hall-Petch rule [14] . In addition, the formation of the more dispersed structure is appar ently accompanied by the change in the plastic defor mation mechanism to the grain boundary sliding, which competes with the usual motion of lattice dislo cations. Diffusion plasticity mechanisms, which are associated with the vacancy diffusion in the grain bulk over their boundaries and triple joints, can also partic ipate in the total plastic forming [15] . The change in the deformation mechanism is presumably the cause of the lower hardness of Ti-Al-N/Zr-N/Cr-N coat ings compared with Ti-Al-N/Cr-N coatings. The values of parameters H 3 /E 2 and H/E, which determine the resistance of the material of the plastic and elastic fracture deformation, increase. The opinion of some researchers is that we can judge the wear resistance of coatings by the variation of these parameters [16] .
The results of the investigation into the adhesion strength of coatings are presented in Table 2 . Coeffi cients L c1 of coatings were established when analyzing the plot of varying the acoustic emission (see Fig. 1 ). When reaching the critical load, which leads to the formation of the first crack in coatings, an abrupt splash of the level of the acoustic emission was fixed. Separate acoustic pulses, which manifested them selves in plots until the quantities mentioned in the table are reached, are caused by an abrupt contact between the indenter and coating specified by the ini tial surface roughness. Figure 2 shows the images of the fracture region of coatings. It is seen that the adhesion fracture mecha nism, which is associated with exfoliation of coating The highest values of parameters L c2 and L c3 are characteristic of multilayer coatings Ti-Al-N/Cr-N and Ti-Al-N/Zr-N/Cr-N, which are more stable with respect to plastic deformation, for which ratio H 3 /E 2 = 0.13 and 0.14 GPa, respectively (see Table 2 ). Stability with respect to plastic deformation for coat ings with a multilayered structure is caused by the fact that the presence of multiple boundaries of layers and grains is a dislocation barrier, and an additional increase for their motion is required. The sliding dislo cation is forced to stop near these boundaries, because the glide plane has another orientation. Figure 3 shows the comparative results on the investigation into the friction coefficient of coatings and hard alloy. It is seen that Ti-Al-N/Zr-N/Cr-N and Ti-Al-N/Cr-N multilayered coatings possess the minimal friction coefficient (μ ~ 0.45), which is apparently defined by their higher tribological adapt ability manifesting itself through the formation of a tribofilm consisting of aluminum, zirconium, and chromium oxides during friction accompanied by heating. This tribofilm protects the coating surface and improves wettability during friction. Smaller val ues of μ for these coatings compared with Ti-Al-N coatings indicate a substantial influence of primarily chromium oxides on their tribological properties.
The absence of noticeable adhesion interaction between the Ti-Al-N/Cr-N coating and counter body can be judged by microphotographs of the ball surface after the test. An analysis of Fig 4a shows that there are no traces of interaction with the treated material on its surface. In turn, the traces of adhesion interaction (see Fig. 4b ) with the subsequent local fracture in the contact zone are seen for the ball con tacted with the Ti-Al-N coating. Figure 5 shows the wear grooves of coatings. Their virtual analysis indicates that the smallest wear rate is observed for the Ti-Al-N/Zr-N/Cr-N sample. It is seen that its wear groove is interrupted and has no clear boundaries. The best wear resistance of the coating is associated with its chemical inertness relative to the counterbody material (see Fig. 4a ); minimal average friction coefficient (0.45), which is defined by its tri bological adaptability; and highest parameters H 3 /E 2 and H/E. The maximal wear rate is characteristic of the Ti-Al-N coatings. 
Operational Properties of the Cutting Tool with Coatings
The above presented data on physicomechanical and tribological properties of coatings under consider ation allow us to predict an increase in operational properties of the cutting tool due to their application.
The results of studying the RMPs with coatings under study when turning steel Kh18N10T are presented in Fig. 6 . It is seen that the largest stability is characteris tic of Ti-Al-N/Zr-N/Cr-N coatings.
We selected coatings of this composition possessing optimal physicomechanical, tribological, and opera tional properties for subsequent strength tests in con ditions of interrupted and continuous cutting steel 12Kh18N10T and VT20 alloy to strengthen the tool. We investigated two series of the samples manufac tured in various experiments. This was made in order to investigate the repeatability of our results and exclude variability spreads.
Our wear time dependences for RMPs with the coating have the shape characteristic of such curves (see Fig. 7 ). The wear of the coated tool decreases in the wear in and normal wear regions. It is established that the wear over the back surface of cutters is preva lent. It is shown that the stability of the cutting tool during continuous cutting steel 12Kh18N10T and VT20 alloy due to the application of the developed TiAl-N/Zr-N/Cr-N coating increases by a factor of 3.0-3.5 and 2.5-3.0, respectively. The tool stability at a higher cutting rate, which is accompanied by an increase in temperature in the contact region of the cutting tool with the treated material, is higher com pared with the tool without the coating (see Fig. 8a ).
The analysis of Fig. 9 allows us to notice addition ally that the morphology of the wear surface of the coated cutting tool is smoother than that of the surface of the hard alloy cutter, which is defined by a decrease in the formation probability of the overgrowth on a cutting tool edge due to its better tribological adapt ability. The rough surface of the hard alloy cutter is caused by the fact that the overgrowth associated with a high adhesion strength at the cutting tool-treated material interface and treatment without application of LCMMs is formed. Our investigations of the inter rupted cutting of the titanium alloy show the effi ciency of using the coated cutters only at relatively low cutting velocities (see Fig. 8b ). This is caused by the fact that the brittle fracture of hard alloy takes place.
Thus, the results of our investigations into cutting properties of RMPs indicate that fabricated coatings provide an increase in efficiency of the hard alloy tool intended to cut hard to machine materials (nickel containing steels and titanium alloys). In addition, the branches of industrial application of RMPs with developed coatings both for continuous and inter rupted cutting is possible. latter is associated with the passage from the adhesion to cohesion fracture mechanism and with an increase in parameters H 3 /E 2 and H/E, which characterize the material resistance to the plastic and elastic deforma tion, respectively.
(ii) The introduction of chromium into the compo sition of Ti-Al-N coatings decreases the friction coefficient (from 0.52 to 0.45) and the probability of the adhesion interaction with the treated material, which promotes an increase in wear resistance of the samples in conditions of tribological tests by the balldisc configuration using the counterbody made of steel ShKh15.
(iii) Comparative operational tests of hard alloy RMPs with all studied coatings under continuous cut ting steel 12Kh18N10T showed that Ti-Al-N/Zr-N/Cr-N coatings, which possess better physicome chanical and tribological properties, have the largest wear resistance.
(iv) It is established during linear turning steel 12Kh18N10T and VT20 alloy in the course of wear resistance tests of RMPs made of alloys VK6NST and TT10K8B with Ti-Al-N/Zr-N/Cr-N coatings that their stability increases by a factor up to 3.0-3.5 both at low and at high cutting speeds. Developed coatings also increase stability of the cutting tool used at milling operations of VT20 titanium alloy. However, the stabil ity of coated RMPs drops with an increase in the cutting speed from 40 to 70 m/min and corresponds to the error free running time for the uncoated cutting tool.
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